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Correlations between electrons and the effective dimensionality are crucial factors 
that shape the properties of an interacting electron system. For example, the onsite 
Coulomb repulsion, U, may inhibit, or completely block the intersite electron hopping, 
t, and depending on the ratio U/t, a material may be a metal or an insulator.1 The 
correlation effects increase as the number of allowed dimensions decreases. In 3D 
systems, the low energy electronic states behave as quasiparticles (QP), while in 1D 
systems, even weak interactions break the quasiparticles into collective excitations.2 
Dimensionality is particularly important for a class of new exotic low-dimensional 
materials where 1D or 2D building blocks are loosely connected into a 3D whole.  
Small interactions between the blocks may induce a whole variety of unusual 
transitions. Here, we examine layered systems that in the direction perpendicular to 
the layers display a crossover from insulating-like ( 0<¶¶ Tr ), at high temperatures, 
to metallic-like character ( 0>¶¶ Tr ) at low temperatures, while being metallic over 
the whole temperature range within the layers. We show that this change in effective 
dimensionality correlates with the existence or non-existence of coherent 
quasiparticles within the layers.  
The crossover in the interlayer transport has been detected in layered metals such as 
Sr2RuO4 
3 and NaCo2O4 
4 and more recently in (Bi1-xPbx)2 M 3Co2Oy  (M=Ba or Sr) 5
,6. The 
layers appear as "isolated" at high temperatures, but connected at low temperature to give a 
3D system. A similar crossover is observed in the quasi-1D Bechgaard salt (TMTSF)2PF6 in 
the least conductive direction.7 The crossover temperature, TM , is typically between 90 and 
200 K. The low temperature phase (T<<TM) is 3D-like in the sense that the resistivity has 
nearly the same temperature dependence in all three directions. For two systems studied 
here, the crossover is shown later in Fig. 2(b) and Fig. 3(c). 
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The transport in the c-axis (perpendicular to the layers) of an anisotropic layered 
system may be coherent or incoherent. In a system showing coherent transport, the 
electronic states are well described in terms of the dispersing 3D momentum states in the 
usual band-formulation. The conductivity is determined by the scattering rate G=1/t and the 
Fermi velocity in that direction. The system may be anisotropic, but with a nearly 
temperature-independent anisotropy ratio, i.e. )()()( TTT abc Gµµ rr , where rab and rc 
are in-plane and interlayer resistivities, respectively. In the case of incoherent transport, 
when the quasiparticle scattering rate is much greater than the effective interlayer hopping, 
the interlayer tunneling events are uncorrelated.  Formally, this means that the electrons are 
scattered many times between successive tunneling events and kz is not a good quantum 
number.  The conductivity is then proportional to the tunneling rate between two adjacent 
layers, and assuming that the intra-layer momentum is conserved in a tunneling event8,9: 
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where GR,A is the retarded or advanced in-plane Green’s function near the Fermi level 
(w=0) and f is the Fermi distribution. In the quasiparticle picture, the Green’s functions 
have a coherent component )/(~ G-- iZ kew , resulting in the interlayer transport (1) 
having the same temperature dependence as the in-plane transport, dictated by G(T). The 
behavior observed in Figures 2(b) and 3(c) therefore suggests that the quasiparticle picture 
is inappropriate above TM, where conductivities are uncoupled
8. 
ARPES is an ideal experimental probe for testing the character of excitations. It 
measures directly the same single-particle spectral function ),(Im~),( ww kGkA  that 
enters the transport equation (1). However, in contrast to transport probes, ARPES is k-
resolving and able to probe deeper states that may contribute to the transport only at higher 
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temperatures, w~TkB . Applying ARPES studies to these materials we find that the 
crossover observed in transport strongly correlates with changes observed in the spectral 
function.  
In Fig. 1 we show the photoemission intensity recorded from (Bi0.5Pb0.5)2Ba3Co2Oy 
in the (0,0) to (p,p) direction of the Brillouin zone. This material is a non-superconducting 
relative of the double-layer cuprate superconductor Bi2Sr2CaCu2O8+d, where the Cu-O 
planes are substituted by Co-O. Resistivity measurements on samples from the same batch 
(Fig. 2(b)) give metallic abr , while cr  shows a crossover at TM ~200 K. The anisotropy 
rc/rab increases with decreasing temperature, saturating below ~150 K at a value of ~7´103.  
The wide range, low temperature spectrum (panel (a)) shows a broad (~0.8 eV 
FWHM) hump, centered at ~0.6 eV, and a sharp state close to the Fermi level with a dip in 
between. The sharp peak disperses with k|| and crosses the Fermi level with a small velocity 
uF~160 meVÅ (note that this is one of the smallest Fermi velocities ever measured in 
ARPES), as visible in the expanded low energy region of the contour spectrum (panel (b)). 
Our detailed studies indicate that this observation does not depend significantly on the in-
plane azimuth. The sharp state forms a large, nearly cylindrical ( -1Å5.0»Fk ), hole-like 
Fermi surface centered at the G point, which remains ungapped down to the lowest 
measured temperature, in accord with the metallic character of Co-O planes. The state is 
well defined only at low temperatures and only within the range of ~40-50 meV from the 
Fermi level. At higher temperatures, when kBT becomes comparable to that energy scale, 
the state loses coherence and the sharp peak diminishes. This is illustrated in panels (b) and 
(c) where the spectral function is plotted on the same scale with the Fermi distribution for 
two given temperatures. With increasing temperature the spectrum loses its fine structure 
near the Fermi level. In Fig. 2 we show the temperature development of the spectral 
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function in more detail, and correlate it with the crossover in transport. The energy 
distribution curves (EDCs) for k»kF are shown for several temperatures.  The sharp peak 
both loses intensity and broadens with temperature, with the final result that between 180K 
and 230K the spectral function, that was locally peaked at w=0 at low temperature, 
becomes a monotonically increasing function of energy at higher temperatures. The low-
energy structure is lost and only the broad hump characterizes the spectrum. These changes 
in the spectral function correlate with the crossover temperature in c-axis resistivity, 
TM~200 K.  
The second system that we present is NaCo2O4. This material crystallizes in a 
layered hexagonal structure with a triangular Co lattice, octahedrally coordinated with O 
above and below the Co sheets. The Na ions are in the planes between the CoO2 layers.  
The transport properties show many peculiarities,4 including a c-axis crossover at TM~180 
K (Fig. 3(c)). This system is a much better conductor than the previous one, with 
cm300~ Wmrab and an anisotropy of ~40 at room temperature. The anisotropy increases at 
lower temperatures and saturates below ~120 K at a value of ~150.  
The spectral function of NaCo2O4, shown in Fig. 3, shares common features with 
the previous system: a broad hump at high binding energy (~1.2 eV FWHM) and a sharp 
feature that crosses the Fermi level. At high temperatures, the sharp state again disappears 
and the low energy part of the spectrum is a smooth, increasing function of energy. This 
transformation in the spectrum again correlates with the crossover in resistivity.  
Common to both materials, when the coherent quasiparticles form in the plane, the 
c-axis transport becomes metallic and the system behaves as an anisotropic 3-D metal. It is 
not clear, however, whether the in-plane coherence is a consequence or the cause of the 
dimensional crossover. One possibility is that the coherence occurs and the third dimension 
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develops when the temperature becomes smaller than the effective energy scale for c-axis 
hopping. With all three dimensions “visible” ( zyxitTk iB ,,  , =<< ), the low-energy 
excitations are quasiparticles. This is in line with the reasoning characterizing quasi-one 
dimensional metals, where the 1-D to 3-D crossover is dictated by the finite inter-chain (t^) 
hopping integral.10 In an alternative picture, sufficiently coherent (G(T) << Ztz) QPs must 
first be formed in the planes to induce or allow coherent c-axis transport between the 
planes.  
The crossover from coherent to incoherent excitations and a maximum in resistivity 
at a finite temperature is reminiscent of the Kondo behavior in heavy fermion systems.11  
The latter crossover is related to the appearance of coherent, strongly renormalized 
(m*/me~100-1000) quasiparticle states below the temperature at which the f-moments 
order, as recently observed in a photoemission study12.  The systems studied here are, on 
the other hand, close to a Mott-Hubbard type of metal to insulator transition (MIT), and in 
one of them, (Bi1-xPbx)2Ba3Co2Oy, the transition is experimentally realized by changing the 
carrier concentration by lead doping.5 Recent theories of the MIT13,14,15, suggest that the 
same physics responsible for Kondo behavior, also shapes the physical properties near the 
MIT. In the metallic regime, these theories predict a sharp peak in the density of states near 
the Fermi level, in addition to separated lower and upper Hubbard bands. The sharp peak 
corresponds to a strongly renormalized quasiparticle band whose effective mass diverges as 
U/t increases to some critical value at the MIT. This state is responsible for the Fermi-liquid 
behavior at low temperatures.  However, it disappears above some characteristic 
temperature, and the spectral function, controlled by the high-energy physics (U), becomes 
incoherent.  The transport is no longer governed by coherent quasiparticles, but by 
collective excitations with resistivities going well beyond the Mott-Ioffe-Regel limit into a 
regime where the QP mean free path would be smaller than the inter-atomic distances16. 
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Depending on the ratio, U/t, the incoherent response may even acquire a form 
characterizing the insulating side of the MIT. It is important to note that although these 
models capture the incoherence-coherence transition, they are isotropic and therefore 
inappropriate for low-dimensional systems. In anisotropic materials the different directions 
may be affected differently by electronic correlations. In the case of one-dimensional 
Hubbard chains, for example, a small inter-chain hopping may induce deconfinement and 
Luttinger (1D, incoherent physics) to Fermi liquid (3D, coherent excitaitons) crossover17. 
For layered metals, equation (1) formally means that once the coherent part of the in-plane 
Green's function has disappeared (Z®0), )(Tcr  is no longer bound by the in-plane 
transport. In other words, if the response is governed by collective excitations instead of 
quasiparticles, it may take different forms in different directions.  
In other systems a similar dimensional crossover to a coherent, 3D low-temperature 
state may be induced by different mechanisms.  For example, the cuprate high temperature 
superconductors (HTSCs) near optimal doping have metallic planes with an insulating 
inter-layer resistivity, again suggesting that the normal state transport is a collective 
phenomenon8. Indeed, the spectral function shows the absence of sharp quasiparticle peaks 
in the normal state. However, these systems become (anisotropic) 3D superconductors and 
the quasiparticles reappear below TC in analogy with the dimensional crossovers discussed 
above. The transition goes directly from 2D-like normal state into the quasiparticle-like 3D 
superconducting state and cannot be dictated by the single-particle tunneling. In the stripe 
picture, for example, the normal state is considered in terms of the 1D physics within the 
charge stripes and the superconducting transition is viewed as a 1D to 3D transition, 
induced by the inter-stripe Josephson tunneling of cooper pairs that already exist within the 
stripes in the normal state.18  
 8
In an alternative scenario, a different behavior for in- and out-of -plane transport 
could occur if both the interlayer hopping t^, and the FS in the plane are anisotropic.
9  
Indeed, it has been shown19 that in HTSCs, the scattering rate in the corners of the Brillouin 
Zone that dominate c-axis hopping behaves differently from the scattering rate in the nodal 
regions20 where t^=0.  In addition, the corners of the BZ are affected by the normal state 
pseudogap21 for TC<T<T
*, (T* is the pseudogap temperature) that blocks the normal state c-
axis transport. The inter-layer Josephson coupling then enables the transition into the 3D 
superconducting state without ever going through the 3D Fermi-liquid-like normal state. In 
the highly overdoped regime, the pseudogap disappears, de-confining the charges from the 
planes22 ( 0>¶¶ Tcr ) even in the normal state. This transition into a 3D-like state, whether 
induced by single particle tunneling (normal state) or Josephson coupling (superconducting 
state), is accompanied by the appearance of a sharp peak in the spectral function,23 an 
indication that the 3D state approaches the FL regime. The crossover may also proceed via 
the exchange coupling J^, leading to an (anti)ferromagnetic 3D ground state. In cuprates, 
the low-doping regime is particularly interesting, because there are indications24 that 
different mechanisms may compete in bringing the system into the 3D ground state. 
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Figure 1. ARPES from (Bi0.5Pb0.5)2Ba3Co2Oy.  The contour plot of the ARPES 
intensity along the (0,0) to (p,p) line at T=30 K (panel (a)). The arrow indicates the 
direction to the zone center G . Changes in the low-energy region with temperature: 
the 30 K (panel (b)) and 180 K (panel (c)) contour spectra (left) are plotted on the 
same scale with the corresponding Fermi distributions (right). The spectra were 
taken with a Scienta SES200 hemispherical analyzer with an angular resolution of 
±0.1o or better and an energy resolution of the order of 10 meV. Photons of 15.4 
eV, provided by a Normal Incidence Monochromator based at the NSLS, were 
used for the excitation. Samples, grown as described in ref. [5], were mounted on a 
liquid He cryostat and cleaved in situ in the ultra-high vacuum chamber with base 
pressure 2-3´10-9 Pa. 
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Figure 2. Correlation between the ARPES and transport in (Bi0.5Pb0.5)2Ba3Co2Oy.  
The changes in EDCs (for k»kF) with temperature are shown in panel (a). The inset 
shows the wide-range EDCs. The in- and the out-of-plane resistivities (panel (b)) 
are measured on a sample from the same batch with a conventional four-probe 
technique. 
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Figure 3. ARPES and dc-transport  in NaCo2O4. The contour plot (panel (a)) shows 
the ARPES intensity along the KG -  line of the Brillouin zone at T=5K. The Fermi 
crossing is a point on a large hole-like Fermi surface (kF~0.7Å
-1) centered at the G 
point. The photon energy was 21.22 eV (HeI radiation). The samples are NaCl 
based flux grown. The temperature dependence of the low-energy region of EDCs 
(for k»kF) is shown in panel (b).  The in- and the out-of-plane resistivities (panel (c)) 
are measured on a sample from the same batch. 
